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Phosphorylation plays important roles in several processes including synaptic plasticity and memory. The 
critical role of extracellular signal-regulated kinase (ERK) in these processes is well established. ERK is 
activated in a sustained manner by different stimuli. However, the mechanisms of sustained ERK activation 
are not completely understood. Here we show that KC1 depolarization-induced sustained ERK activation in 
the hippocampal slices is critically dependent on protein synthesis and transcription. In addition, the 
sustained ERK activation requires receptor tyrosine kinase(s) activity. In support of a role for a growth factor 
in sustained ERK activation, KC1 depolarization enhances the level of brain-derived neurotrophic factor 
(BDNF). Furthermore, BDNF antibody blocks KCl-induced sustained ERK activation. These results suggest 
a positive feed-back loop in which depolarization-induced BDNF maintains ERK activation in the sustained 
phase. 
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Activity- dependent post-translational protein modifications such as phosphorylation play crucial roles in 
synaptic plasticity and memory. The extracellular signal -regulated kinase (ERK) plays pivotal roles in 
these processes in invertebrates as well as vertebrates 1 " 3 . For example, in Aplysia, ERK is activated by a 
pattern of serotonin application that induces long-term facilitation (LTF) of sensory motor (SN-MN) synapses 4,5 . 
In addition, ERK activity is required for LTF of SN-MN synapses 6 . Furthermore, ERK activity is required for 
long-lasting forms of memory for sensitization 5 . 

In the vertebrate system, long-term potentiation (LTP) is widely studied as a candidate cellular mechanism of 
memory 7,8 . ERK is activated by LTP-inducing stimuli, and ERK activity is required for LTP 9,10 . Furthermore, ERK 
is activated by memory training and different kinds of memories such as fear conditioning, spatial memory and 
taste memory are critically dependent upon ERK activity 11 " 15 . The late phases of LTP and memory require 
translational and transcriptional events. ERK can regulate protein synthesis 16 as well as transcription 17,18 . 
Thus, ERK has diverse functions that contribute to synaptic plasticity and memory formation. 

Several studies have shown that ERK is activated in a sustained manner by different stimuli. For example, Wu 
et al 19 showed that repeated depolarization events with KC1 activate ERK that lasts for at least 1 h (sustained 
activation). Sharma and colleagues 5 found that serotonin induces sustained ERK activation in Aplysia neurons. In 
addition, sustained ERK activation has been observed with brain-derived neurotrophic factor (BDNF) 19,20 . 
Ahmed and Frey 21 and Schmitt et al. 22 showed that LTP-inducing stimuli cause sustained ERK activation in 
the hippocampal slices. Swank and Sweatt 23 observed a sustained activation profile of ERK after taste memory 
training. Recently, Michel et al 24 found that associative memory training induces sustained ERK activation in the 
buccal ganglia of Aplysia. Considerable information is available regarding the processes involved in initial ERK 
activation 3,25 . In contrast, little is known about the mechanisms involved in sustained ERK activation. In this 
study, using KC1 depolarization of hippocampal slices, we have investigated the processes that are involved in 
sustained ERK activation. Part of this study has been published in Society for Neuroscience meeting abstracts 26 . 
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Results 

KC1 Induces sustained ERK activation. We first examined ERK 
activation in the hippocampal slices immediately and 1 h after 
treatment with KC1, which leads to Ca ++ influx in the cells 19 ' 27 and 
induces long-lasting neuronal plasticity 28,29 . ERK activation was ana- 
lyzed using the antibodies that recognize phosphorylated ERK 1/2 and 
the antibodies that recognize total ERK 1/2 . In agreement with our 
previous study 30 and studies by others 31 , we found that KC1 treatment 
enhanced ERK activation immediately after the depolarizing stimu- 
lus (Fig. 1A). ERK remained activated until 1 h after the stimulus 
(Fig. IB), which is referred to as the sustained ERK activation 19 . Thus, 
KC1 depolarization induces a sustained ERK activation in the hippo- 
campal slices. 

Sustained ERK activation requires protein synthesis. We next 
examined the processes that may be involved in maintaining ERK 
activation after depolarizing stimulus. We first tested whether pro- 
tein synthesis is required for sustained ERK activation. For these 
experiments, we used emetine, which has previously been used to 
block protein synthesis 32 . We examined the sensitivity of ERK acti- 
vation to protein synthesis inhibition immediately as well as 1 h after 
the depolarizing stimulus. Consistent with results in the previous 
section, KC1 treatment induced significant ERK activation 1 h after 
the stimulus. However, when protein synthesis was inhibited using 
emetine, the sustained ERK activation was completely blocked (Fig. 2A). 
In contrast, the immediate ERK activation was not affected by 
protein synthesis inhibition (Fig. 2B). Emetine did not significantly 
affect basal level of ERK phosphorylation. 

As detailed in the Materials and Methods section, for the effect of 
emetine on sustained ERK activation, the slices were incubated with 
emetine for 30 min before KC1 stimulation, and they were further 
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Figure 1 | KCI depolarization induces sustained ERK activation. The 

hippocampal slices were treated with KCI and harvested either 
immediately (A, Immediate) or 1 h (B, Sustained) after the treatment. The 
sample blots (Al, Bl) and quantified summary data (A2, B2; n = 4 in both 
sets) show that ERK was activated immediately after KCI treatment and 
ERK activation was sustained for 1 h after the treatment. Asterisks denote 
significant difference (p<0.05). In this and others figures, the immediate 
and sustained ERK activation was examined simultaneously from the slices 
of the same animal and both samples were resolved on the same gel, but 
have been shown separately for clarity. 



incubated for 60 min in the presence of emetine before harvesting 
them for analysis. However, in case of its effect on immediate ERK 
activation, the drug incubation was for 30 min before the KCI 
stimulus. In both cases, emetine was present during the KCI treat- 
ment. Hence, we next treated the slices with emetine for 1.5 h before 
and during KCI stimulation. There was no difference in the extent of 
ERK activation between the KCI and KCI + emetine treated samples 
under these conditions (Fig. 2C). These results show that inhibition 
of sustained ERK activation was not due to longer drug treatment. 
Thus, whereas ERK activation immediately after the stimulus is inde- 
pendent of protein synthesis, the sustained ERK activation critically 
requires protein synthesis. 

Sustained ERK activation requires transcription. Having established 
that the KCI- induced sustained ERK activation requires protein 
synthesis, we next asked whether RNA synthesis is also required for 
sustained ERK activation. We used a well known transcriptional 
blocker, actinomycin D 33 , to inhibit transcription. Similar to the 
results with protein synthesis inhibition, we found that KCl-induced 
sustained ERK activation was blocked when actinomycin D was 
present (Fig. 2D). The immediate ERK activation was not affected 
by actinomycin D treatment (Fig. 2E). Also, actinomycin D alone 
did not have significant effect on the basal level of ERK phos- 
phorylation. Thus, KCl-induced sustained ERK activation requires 
transcription. 

Receptor tyrosine kinase activity is required for KCl-induced 
sustained ERK activation. The results of the previous sections 
showing that sustained ERK activation requires transcription and 
protein synthesis raise the possibility that some protein may be 
synthesized in response to depolarization, which then maintains 
ERK in an activated state long after the stimulus. We considered the 
possibility of a growth factor that may be involved in keeping ERK 
activated after the stimulus. We used a receptor tyrosine kinase (RTK) 
blocker, K252a 19 , to block growth factor signalling. The results of these 
experiments showed that whereas K252a blocked KCl-induced 
sustained ERK activation (Fig. 3A), the immediate ERK activation 
was not affected by K252a treatment (Fig. 3B). K252a alone had no 
significant effects on the basal level of ERK phosphorylation. 

KCI treatment enhances the level of brain-derived neurotrophic 
factor. We next examined whether a growth factor was indeed 
synthesized after KCI treatment under our experimental condi- 
tions. We focused on BDNF that is known to regulate ERK 
activation. Western blot analysis was performed on total cell 
extract of control and KCI treated hippocampal slices using BDNF 
antibody. This analysis showed that the level of mature BDNF 
protein was significantly increased 1 h after KCI treatment (Fig. 4A). 

Anti-BDNF antibody blocks depolarization-induced sustained 
ERK activation. The experiments in the earlier section raised the 
possibility that BDNF may be involved in keeping ERK activation 
sustained. Thus, we next examined whether neutralizing BDNF 
using antibodies blocks KCl-induced sustained ERK activation. We 
found that when the hippocampal slices were treated with BDNF 
antibody, KCl-induced sustained ERK activation was blocked 
(Fig. 4B). The BDNF antibody alone did not have any significant 
effect on baseline ERK activation. Collectively, these results suggest 
that KCI depolarization enhances the level of BDNF that then acts 
through the receptor tyrosine kinase to keep ERK in an activated 
state. 

Discussion 

Posttranslational modifications are known to play crucial roles in the 
establishment of synaptic plasticity and memory in diverse systems. 
With respect to phosphorylation, several studies have established a 
critical role of ERK in these processes. ERK is activated in a sustained 
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Figure 2 | KCl-induced sustained ERK activation requires protein synthesis and transcription. ERK activation in the hippocampal slices was examined 
1 h (Sustained) or immediately (Immediate) after KCI treatment. (A) Whereas ERK activation was observed in the control slices 1 h after KCI 
stimulation, emetine (Emet) completely blocked KCl-induced ERK activation at this time point. (B) The KCl-induced immediate ERK activation was not 
affected by emetine treatment (KCI and Emet + KCI, p>0.30). Compared to control, emetine alone had no significant effects on ERK activation 
(Sustained, p>0.90, Immediate, p>0.75). Representative blots are shown in Al and Bl and summary data are shown in A2 and B2 (n = 7 in both sets). 
(C) The hippocampal slices were treated with emetine for 1.5 h (same total time of treatment as in the case of sustained ERK activation analysis) before 
stimulation with KCI. Slices were harvested after KCI treatment and processed for ERK activation analysis. Representative blots (CI) and quantified 
summary data (C2; n = 3) show that emetine had no effect on immediate ERK activation even with prolonged treatment with emetine. There was no 
significant difference between KCI and KCI + emetine groups (p>0.93). (D, E) Representative blots (Dl and El) and summary data (D2 and E2; n = 6 in 
both sets) show that ERK activation 1 h after KCI stimulation was blocked by the RNA synthesis inhibitor, actinomycin D (Act D; D), but the immediate 
ERK activation after KCI treatment was unaffected (KCI and Act D + KCI, p>0.42) by actinomycin D (E). Compared to control, actinomycin D alone 
treatment did not significantly affect basal level of ERK phosphorylation (Sustained, p>0.45, Immediate, p>0.67). Asterisks denote significant difference 
(p<0.05). 



manner by different stimuli. However, the mechanisms of sustained 
ERK activation are not clearly understood. This study shows that 
protein synthesis and transcriptional events are required for 
depolarization-induced sustained ERK activation, although ERK 



activation immediately after the depolarizing stimulus is independ- 
ent of these processes. 

How transcription and protein synthesis processes might be 
involved in keeping ERK activation sustained after depolarization 
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Figure 3 | KCl-induced sustained ERK activation requires receptor tyrosine kinase activity. ERK activation in the hippocampal slices was 
examined 1 h (A, sustained) or immediately (B, immediate) after KCI treatment. Representative blots are shown in Al and Bl, and summary data are 
shown in A2 and B2 (n = 7 in both sets). ERK was activated in the control slices 1 h after KCI treatment. But, the receptor tyrosine kinase inhibitor 
(K252a) completely blocked ERK activation at this time point. The ERK activation immediately after the KCI stimulation was unaffected by K252a 
treatment (KCI and K252a + KCI, p>0.63). Compared to control, K252a did not affect the basal level of ERK phosphorylation (Sustained, p>0.08, 
Immediate, p>0.41). Asterisks denote significant difference (p<0.05). 
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Figure 4 | KCI depolarization increases BDNF levels and BDNF antibody 
blocks KCl-induced sustained ERK activation. (A) The hippocampal 
slices were treated with KCI and the level of mature BDNF protein was 
examined 1 h after the treatment. Sample Western blots of BDNF and 
GAPDH proteins are shown in (Al) and quantified summary data are 
shown in (A2; n = 4). KCI treatment increased BDNF protein level. 
(B) BDNF antibody blocks KCl-induced sustained ERK activation. The 
activation of ERK was examined in the hippocampal slices 1 h after KCI 
treatment. The sample blots (Bl) and quantified summary data (B2, n = 6) 
show that the KCl-induced sustained ERK activation was blocked by 
BDNF antibody. Compared to control, the BDNF antibody alone did not 
affect basal ERK activation (p>0.91). Asterisks denotes significant 
difference (p<0.05). 

event? We considered the possibility of involvement of a growth 
factor in sustained ERK activation. In support of this possibility, 
we found that whereas the immediate ERK activation does not 
require RTK activity, the sustained ERK activation is critically 
dependent upon RTK activity. Previous studies have shown that 
BDNF synthesis is increased by KCI depolarization of neuronal 
cells 34 ' 35 . We found that the level of BDNF is increased 1 h after 
KCI treatment. Furthermore, BDNF antibody blocks sustained 
ERK activation. Previous studies have used antibodies against 
BDNF to study its role in different processes including synaptic 
plasticity and memory 36 " 38 . The BDNF antibody used in this study 
has successfully been used previously to examine BDNF function 39 " 41 . 
Alonso and colleagues 42 found that injection of BDNF antibody in the 
hippocampus blocks memory formation. Our results suggest that 
BDNF is synthesized in response to KCI depolarization and it then 
acts on the tyrosine kinase receptor to keep ERK in activated state. 
These results point to a positive feedback loop in the maintenance of 
ERK activation. 

The role of BDNF signalling in synaptic plasticity and memory has 
been studied extensively. A TrkB ligand is required for LTF and 
memory for sensitization in Aplysia 43 . BDNF induces long-lasting 
enhancement of synaptic strength in the hippocampus 44 . Chen 
et al 37 showed that TrkB-IgG fusion protein or BDNF antibody 
impair LTP in the hippocampal slices. BDNF knock-out mice show 
deficient LTP 45,46 . BDNF expression is increased after memory train- 
ing in different tasks such as water maze, inhibitory avoidance, fear 
conditioning and radial arm maze 47 " 51 . In addition, blocking BDNF 
function impairs memory. For example, Ma and colleagues showed 
that BDNF antisense RNA impairs LTP and memory 49 . Furthermore, 
BDNF knockout mice show impaired memory 52 . Other studies also 



have shown important role of BDNF in LTP and memory. In addi- 
tion, a role for BDNF and ERK has been shown in memory persist- 
ence 53 . The alpha-amino-3-hydroxy-5-methyl-4-isoxazole propionic 
acid (AMPA) receptor trafficking plays important roles in synaptic 
plasticity. KCI enhances surface expression of AMPA receptors in 
hippocampal neurons 54 . In addition, BDNF enhances AMPA recep- 
tor surface expression in neurons 55 " 58 . Importantly, BDNF-induced 
AMPA receptor membrane insertion requires ERK activity 56 ' 57 
Collectively, several studies suggest that BDNF and ERK play 
important roles in synaptic plasticity and memory. It would be inter- 
esting to examine whether the sustained ERK activation observed 
after LTP induction 22 and memory training 11,23 ' 59 also depends on 
protein synthesis, transcription and BDNF signalling. 

Methods 

Hippocampal slicing and treatment. Six-to-eight week old male Sprague-dawley 
rats were used for the experiments. The animals were housed under light/dark 
(12 h/12 h) cycle with rodent chow and water available ad libitum. The animals were 
sacrificed following the procedure approved by the Institutional Animal Ethics 
Committee. Halothane (Sigma) was used to anaesthetize the animals before 
sacrificing. Hippocampal slicing and recovery was performed as described 
previously 30 . Slices from both the hippocampi of an animal were pooled. The slices 
were divided into different treatment groups with each group containing two-to-four 
slices. The slices were treated with 90 mM KCI for 3 min 19,30 in artificial cerebrospinal 
fluid (aCSF;125 mM NaCl, 2.5 mM KCI, 1.25 mM NaH 2 P0 4 , 25 mM NaHC0 3 , 
2 mM CaCl 2 , 1 mM MgCl 2 , 25 mM glucose). The concentration of NaCl in KC1- 
aCSF was reduced making the composition of KCl-aCSF as: 37.5 mM NaCl, 90 mM 
KCI, 1.25 mM NaH 2 P0 4 , 25 mM NaHC0 3 , 2 mM CaCl 2 , 1 mM MgCl 2 , 25 mM 
glucose. ERK activation was examined immediately (immediate, slices were put in 
SDS lysis buffer within 1-2 min of KCI treatment) or 1 h (sustained) after KCI 
treatment. For immediate ERK activation analysis, slices were rinsed with aCSF after 
KCI treatment and harvested. For the analysis of ERK activation 1 h after KCI 
treatment, the slices were treated with KCI for 3 min, rinsed and incubated in aCSF 
for 1 h before harvesting for protein analysis. When pharmacological inhibitors were 
used, slices were treated with the inhibitor during the last recovery period for 30 min. 
The treatment with BDNF antibody was done for 2 h before treatment with KCI. 
Pharmacological inhibitors or BDNF antibody were included during the KCI 
treatment also. For the sustained ERK activation analysis, the inhibitors or BDNF 
antibody were present during the 1 h incubation after KCI treatment in addition to 
pre-treatment and treatment during the KCI stimulation. To examine the effect of 
prolonged protein synthesis inhibitor treatment on immediate ERK activation, the 
slices were treated with emetine for 1.5 h (same total duration of emetine treatment as 
in the case of sustained ERK activation analysis) before and during the KCI 
stimulation, rinsed with aCSF and harvested. The protein synthesis inhibitor, emetine 
(Sigma) was dissolved at 20 mM concentration in aCSF and used at 20 uM final 
concentration. The stock solution of the transcriptional inhibitor, actinomycin-D 
(Sigma) was prepared at 25 mM in DMSO, and was used at 25 uM final 
concentration. The stock solution of the receptor tyrosine kinase inhibitor, K252a, 
was prepared at 200 uM in DMSO, and was used at 200 nM final concentration. 
Anti-BDNF antibody (Cat no. AB1513P, Millipore), which was raised against 
recombinant human BDNF and neutralizes BDNF, but not other neurotrophins 
(Millipore) was reconstituted in sterile H 2 0 as recommended by the manufacturer at 
1 mg/ml concentration and used at 5 ug/ml final concentration. Before use, all the 
inhibitors were diluted in aCSF to their final concentration. After treatment, entire 
slice was used to make protein lysate 21 . The slices were lysed in the lysis buffer 
(50 mM Tris-Cl pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 50 mM sodium 
fluoride, 1 mM sodium orthovanadate, 1 mM sodium butyrate, 2% sodium dodecyl 
sulfate, protease inhibitor cocktail). The samples were boiled for 5 min, centrifuged 
and the supernatant containing solubilized proteins was stored frozen until use. 
Protein concentration in the samples was determined using the BCA reagent (Sigma) 
with bovine serum albumin as standard. 

Immunoblotting. Phosphorylation of ERK was examined using immunoblotting 
method which was carried out essentially as described previously 30 . Proteins from 
different samples were resolved by discontinuous polyacrylamide gel electrophoresis. 
After electrophoresis, the proteins were transferred to nitrocellulose membrane 
(MDI, India). The blots were first probed with ERK 1/2 antibody, stripped and then re- 
probed with phospho-ERK 1/2 antibody. Antibodies against ERK, phospho-ERK and 
appropriate secondary antibodies were obtained from Cell Signaling Technology. The 
signal was detected on Hyperfilm (Amersham Biosciences) using enhanced 
chemiluminescence reagent. NIH Image (NIH, Bethesda, USA) software was used to 
quantify the band signal. Both, ERK1 and ERK2 or phospho-ERKl and phospho- 
ERK2 bands were quantified together. To estimate ERK activation, phospho-ERK 1/2 
signal was divided by ERK 1/2 signal in each sample and then normalized with the 
control sample 5,30 . To examine the level of BDNF, hippocampal slices were treated 
with KCI, incubated in aCSF for 1 h and harvested. Total cell extract from 
hippocampal slices was used to examine the level of mature BDNF (—14 kDa). The 
lower portion of the blot was probed with the BDNF antibody with epitope mapping 
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within an internal region of human BDNF (Santa Cruz Biotechnology, Cat no. 
sc-546). The upper portion was probed with glyceraldyehyde- 3 -phosphate 
dehydrogenase (GAPDH; Santa Cruz Biotechnology) antibody, which was used as a 
loading control. The BDNF signal in each sample was divided by the GAPDH signal 
and then normalized with the control sample. 

Statistical analysis. Data were analyzed by paired student's t-test on phospho- 
ERK 1 / 2 /total-ERK 1 / 2 ratios or BDNF/GAPDH ratios. Differences between groups 
were considered statistically significant ifp-value was <0.05. Data are expressed as 
mean ± SEM (fold control). 
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